We have developed a combination of light scattering techniques to study and characterize droplets of a ultrasonic spray printer or coater in flight. For this economically relevant printer there is so far no reliable technique to systematically adjust the experimental parameters. We have combined photon correlation spectroscopy and turbidimetry to determine size and speed of the droplets depending on parameters of the printing process as viscosity, concentration and speed of the driving shroud gas. Our method allows to predetermine these parameters to control the properties of the printed films as e.g. thickness from tens of nanometers to micrometers.
Introduction
In industrial production especially in the electronic industry the production of thin films with reliable parameters as thickness or roughness spry coating techniques are indispensable [1] [2] [3] [4] [5] . Ultrasonic Spray Coating (USSC) has been introduced for a range of active layers in electronics as organic thin film transistors [3] , organic solar cells and photodiodes, electroluminescent devices [6] [7, 8] , as well as for electrodes and transistors [6] [3] . Having reliable models [9] and methods to predict vital parameters to achieve reproducible and controlled films is of adamant importance. The droplet size can then be adjusted by regulating the ultrasonic frequency. Because of the small droplets with narrow spreading, it is possible to coat very thin homogeneous layers down to 10 nm thickness [10] . This opens up the possibility to deposit functional coatings [11] on large and even three-dimensional surfaces [12] . Lang [13] was one of the first to find a relation between some parameters and the droplet size. With the formula of Lang [13] the droplet size can be predicted for example: spraying water with the Impact nozzle 120 kHz of Sonotek, droplets of 18 µm are expected. The relationship that was found was only correct when the liquid phase viscosity and the volumetric liquid flow rate do not affect the droplet size. R. Rajan, A.B. Pandit and J.Kim [14, 15] have tried to predict the drop size more precisely.
The existing theories do not cover the question of how the droplet size, -velocity, -and concentration evolves during the flight from the ultrasonically generated droplet to the substrate but only focus on the droplet size when it arrives at the substrate. It is, however, important to understand the change of size, velocity and concentration during the flight to predict the influence of the process parameters on the layer formation.
To answer these questions, a measuring technique needs to be developed that can determine the droplet characteristics during flight. For inkjet printing, this led to dimensionless numbers that perfectly describe the ink formulation suitable for printing [16] . However, inkjet printing is jetting only one droplet at the same time and therefore, measuring the droplet characteristics is relatively simple. Ultrasonic atomization creates thousands of droplets at the same time. This makes measuring the properties of the droplets during the flight a complicated task. Applying a High-Speed Camera to measure the droplet characteristics during their flight sounds as a valuable solution. Measuring a 3D cone filled with a fog of moving droplets is however not be that trivial with a standard High-Speed Camera. The camera to us available led to 5 pixel for a 25 µm droplet. The error in size is therefore considerable.
We investigated how a combination of existing techniques could be combined [17] to study the parameters [18] of Ultrasonic Spray Coating. From the numerous optical methods to characterize particles we found that a combination of photon correlation spectroscopy (PCS) (also known as Dynamic Light Scattering (DLS)) and Turbidimetry delivers the best result in terms of size and speed in this particular case. To corroborate our results we used a High Seed Camera for Particle Image Velocimetry/Shadography. In our measurements, water droplets (solvent that can contain particles or polymers) in the spray represent the particles [19] [20] [21] . The droplet velocity was determined with a customized PCS. The droplet size determined by Turbidimetry subsequently after the PCS but within the same coating process. Ultrasonic nozzles [13] produce standing waves as result of mechanical vibrations produced by piezoelectric transducers (Fig. 1 .) in the nozzle powered by the ultrasonic generator. This generator supplies an electric signal (amplitude Ae and frequency fe (Hz)) that applies an amount off power (W) [22] to the transducers. The piezoelectric transducers transfer the electric signal to mechanical vibrations (Am ∝ Ae and a frequency fm = fe [23] ). The typically used frequencies are located between the 25 -180 kHz {Tek, 2012 #39}. The produced vibrations will induce standing waves in the ink on top of the atomizing surface. The dimensions of the nozzle are designed in resonance in the operating frequency. If the amplitude of the standing waves is high enough, small droplets will break off (atomization effect) [13] . In general, higher frequency nozzles produce smaller droplets [22] . The droplet size can also be influenced by adjusting the nozzle height (distance between spray nozzle and substrate). Because the solvent evaporates during flight, it is possible to adjust the droplet size by varying the nozzle height (usually 20-90mm). Because the droplets after atomization do not contain any kinetic energy, a shroud gas (e.g.: nitrogen or argon) is used to give the droplets kinetic energy and lead them to the substrate. A higher shroud pressure (psi) will result in droplets with higher velocity. By adjusting the volumetric ink flow rate (ml/min) of the liquid feed, the number of droplets can be strongly influenced which will result in a thicker formed layer.
Methods and Theory

A Ultrasonic Spray Coating
These parameters directly influence the droplet size [24] , velocity and the spray angle (α) of the atomized solution. This will directly affect the formed layer.
B Photon Correlation Spectroscopy
PCS is a well-seasoned Dynamic Light Scattering (DLS) technique [25] [26] [27] for the determination of particle sizes via their Brownian motion in e.g. polymer analytics [28] . In the standard experiments, one obtains the intensity-intensity or homodyne autocorrelation function:
With E the field and I the intensity of the scattered light, q the magnitude of the scattering vector
A representation of the correlation function in terms of a distribution of exponentials, is the so-called Kohlrausch-Williams-Watts function (KWW) [29, 30] with the stretching parameter describing the distribution. The KWW is in the case of monodisperse particles in solution a pure exponential with the characteristic time at 1/e of this exponential function.
Following [27] , g1(q,t) can experimentally be obtained by adding a local oscillator, i.e. direct laser light into the detector. The dominating term in the expansion of the mathematical representation of such a heterodyne experiment is g1(q,t) [27] . An effect to note is, that in the case of multiple relaxation processes in the case of g2(q,t) these are products of (stretched) exponentials while in the case of g1(q,t) these are a sum. The advantage of heterodyne light scattering is that for low scattering signals the signal to noise of the correlation functions is enhanced.
A question to address in relation to our experiment: Is a low number of scattering droplets problematic? PCS is an interferometric technique in the sense, that one observes the produced speckle field in the far field and its dynamic change. This speckle field is independent of the number of scattering moieties. Modern PCS instruments utilize as in our case single mode detectionwe observe only the change of a single speckle since every speckle represents a different electrodynamic mode [31] . This maximize the amplitude called contrast in PCS and can be used to minimize systematic noise [32] .
Droplet velocity
If the particle respective the droplets in a PCS experiment have a directed flow than due to the Doppler shift one observes in the frequency domain in the spectral density S(q,) a frequency shifted peak and in the time domain of PCS a damped oscillation described by a Cosine function [33, 34] :
Moving particles in light will induce a Doppler shift in the scattered light. The customized PCS setup can measure the scattered light which contains information about the Doppler shift. However, in the case of ultrasonic spray coating, the particles are in principle droplets that move in and with the shroud gas. The induced Doppler shift (shifted ) is directly related to the droplet velocity, as can be seen from Eq. (7) . The maximum angular frequency ( ) in each term of the heterodyne spectrum is shifted from = 0 to ( ).
( ) = ± · = ±2 cos( )sin ( 2 )
Here the light is scattered over an angle θ. The angle between the velocity vector V and the scattering vector q is defined as . It should be noted that when V is perpendicular to the scattering plane there is no frequency or Doppler shift. For determining the propagation vector k the Bragg condition can be used where q is the magnitude of |q|.
where n is the refractive index of the measured medium. The incident light wavelength is represented as . If Eq. (3) and Eq. (7) from are combined the droplet velocity can be extracted.
In the final Eq. (9) ( ) is replaced with the frequency (f). The velocity of the droplet can be calculated by having one variable parameter f. The frequency is defined by fitting the correlation function [28] obtained through PCS as will be shown later in this paper.
C Turbidimetry
The droplet size can be determined by performing one additional Turbidimetry measurement [35] . In this experiment, the amount of transmitted light is measured and placed in relation to the droplet diameter followed by the Mie theory.
Droplet size
The size of droplets in suspension can be determined by measuring the turbidity 0 . Turbidimetry measures the damping of a light beam traveling through the spray caused by the absorption and scattering of light by the droplets/particles.
Here, I0 and I are representing the intensities of the incident and weakened light beams. The optical path length through the measured medium is L. The amount of absorption and scattering is related to the concentration and size of the droplets. Therefore, turbidity can be related to the droplet size. For droplets with equal spherical diameter, D, a relation is defined in the equation below from [35] .
The amount of light absorption in a medium is in relation to the extinction coefficient . This depends on the incident light wavelength λ0 and droplet diameter D. The concentration of the droplets is defined as ф . After combining Eq. (10) and Eq. (11) in the equation below the droplet diameter "D" can be determined.
The extinction coefficient Qext (Fig. 2 ) changes by varying droplet diameter and has an asymptote of two at infinite droplet diameter. For this reason, is taken as constant equal to two to calculate the droplet diameter. In most Turbidimetry measurements the particle size and concentration can be determined by applying two measurements at different wavelengths. These two measurements are not needed in this own made measurement setup, because there is only a negligible difference in extinction coefficient between two wavelengths for droplets between de 10-100 µm. Based on this, only the droplet diameter can be determined with the Turbidimetry measurement. 
=˙ℎ ( 13 )
Here ̇ is the flow rate of the syringe pump. The volume of the droplet ℎ can be replaced by an expression including the diameter D assuming the droplets are perfectly spherical. The velocity of the droplets is defined with the PCS setup. Eq. (8) is only correct if one assumes that the velocity over the entire surface A is constant and perpendicular in the cone. Therefore, the edge effects of the velocity are not considered in this work. The surface area A can be determined by using a simple camera to measure the angle of the cone. From Eq. (12) and (13), the droplet diameter can be obtained.
Materials and Setup
For the combination of heterodyne PCS and Turbidimetry, an experimental set-up was developed ( Fig. 3) . Droplets were created and sprayed from an ultrasonic spray nozzle (Sono-Tek, Impact). This nozzle was mounted on an XYZ-stage under an angle of 80 degrees with to the scattering plane. This angle is necessary (different than 90 degrees) for the heterodyne PCS.
Turbidimetry: A laser diode (Qioptiq, iFLEX2000, λ = 660nm, 40mW) was used as light source, after the laser, a beam expander (X3) was placed. The beam expander is needed to reduces the energy density of the light on the detector to avoid saturation by maximizing the signal. The intensity of the expanded beam can be fine-tuned with an attenuator (neutral density filter). This light transmits through the spray of droplets and reaches the custom build detector (photodiode 220D, OEC GmbH). In front of the detector, a pinhole is placed whose opening is adjusted to the size of the laser beam diameter. Therefore, only transmitted light might enter the detector and no scattered or bended light is considered. Two flip mirrors made it possible to switch easily from Turbidimetry to the PCS measurement.
Photon Correlation Spectroscopy: measurements were performed with a heterodyne setup. This means that elastic light and inelastic light are combined for self-beating. The heterodyne detection mode was chosen for its stability and better signal/noise ratio. Light from the blue laser diode (λ = 488nm) is divided into two beams by using a parallel glass plate with a reflectance of 5%. The intensities of both beams can be regulated separately with the attenuators. The scattered light coming from the spray falls into a single mode fibre with a Y-beam splitter into two single-photon counting modules (avalange diode, Perkin Elmer, SPCM-AQR). This signal is correlated by the Multiple Tau Digital Correlator (ALV GmbH, ALV-7004) in pseudo cross-correlation.
High Speed Camera: A Photron, Mini AX100 200K-M-32GB is mounted together with a Bi-Telecentric objective (X2, Thorlabs, MVTC23200) as a reference measurement system. Illumination of the view field by a SCHOTT (KL 2500 LCD) white light source combined with a telecentric backlight illuminator (Techspec, 52 mm telecentric backlight illuminator).
The experimental setup ( Fig. 3 ) was situated on a breadboard with active vibration insulation (Scientific Instruments GmbH, TableStableTS300) mounted in a light-tight black box (eliminating disturbing correlations caused by extraneous scattered light sources as room lighting, sunlight). Fig. 3 . The experimental setup for Turbidimetry combined with PCS: Three measurement techniques are combined: heterodyne PCS to measure the droplet velocity, Turbidimetry measuring the droplet size and a High Speed Camera to corroborate our results. The ultrasonic spray coater is symbolized by the scattering volume as a red dot and not explicitly drawn for clarity.
Data Treatment
After obtaining the raw data from the experiments, it is necessary to process this data in order to obtain the required results. In this chapter, it is explained how to transform the obtained data to the needed parameters for the Eq. (9). Subsequently, the droplet velocity-diameter can be obtained.
Photon Correlation Spectroscopy
Data from the digital correlator (ALV GmbH, ALV-7004) is used for signal processing. The achieved data from the digital correlator is the correlation function g1(q,t) shown in Fig. 4 . This is a heterodyne measurement with a small fraction of direct light because the curve does start at 0.95 instead of 1. The correlation function itself has a steep ramp which indicates a fast change of the speckle field. The remarkable thing about this correlation function is the small bump at 3E5s. This cannot be found in a standard PCS measurement. This bump is representing the Doppler shift which is theoretically explained in chapter two. To obtain the velocity of the droplets, the angular frequency of this bump must be determined. Fig. 4 shows that it is not possible to fit the correlation function and extract the angular frequency from the attenuated cosine because there is no second peak. The cosine is strongly damped. Table 1 ). The cosine is strongly damped. The fit ( Fig. 4 , Table 1 ) cannot be used even though it has an Adj. R-Square of 0.99974. Multiple angular frequencies provide a high Adj. R-Squar. For this reason, the data has been Fourier transformed as shown in Fig. 5 such that the Doppler shift can be read out in the real part of the spectrum. Modern correlators like the one used, have a quasi-logarithmic time base. A FFT needs a linear time base with a sampling rate of double the highest frequency in the data. Therefore, before applying the Fourier transformation, the data is interpolated linearly with a time base equivalent to the fastest lag time which results in to two million data points. In Fig. 5 . above one can see a shifted peak against the central middle (0 Hz) of which the frequency represents the Doppler shift. To get the right frequency, the Levenberg-Marquart algorithm has been used in Origin. The total function is made up of different Lorentzians. One central unit around 0 Hz and then several shifted ones. To reduce the complexity and processing time of the fitting, only two Lorentzians are fitted in the interested area. These are the central Lorentzian and the Lorentzian of the first large peak (Fig. 5 ). The Doppler shift is obtained after fitting. The frequency that is fitted 574202,6 Hz (Table 2) is xc from the second Lorentzian. This frequency (574202,6 Hz) can be entered in Eq. (9) after which the velocity of the droplet can be calculated. The resulting droplet velocity will be in this case 2,273 ⁄ (with parameters: = 574202,6 , = 488 · 10 −9 , = 85° and = 90°). Different parameters influence the shape and placement of the spray. Because in this work most of the spray coating parameters that have been altered have no big influence on the angle of the velocity vector is this angle fixed at 85 degrees after performing reference measurements with the High Speed Camera.
Turbidimetry.
The intensity measurement is performed for a decade of seconds. The average value is calculated, this number is entered directly in Eq. (12) . Together with the velocity of the droplets from the PCS measurement, Eq. (13) can be applied to determine the size of the droplets.
Results and discussion
To test our measurement system, we performed USSC experiments with water as ink. In these experiments, the shroud pressure, flow rate of the ink and atomizing power have been increased to see the effect on the droplet size andvelocity. The results will be compared with the data from the High Speed Camera as well or predictions from theory [15] . Figure Fig. 6 shows the Fourier transform of seven performed measurements where the shroud pressure is increased with parameters from Table 3 . If the shroud pressure increases, this is also expected from the droplet velocity. In the graph can be seen that with increasing the shroud pressure the second peak shifts to the right (Fig. 6 ). This means that the peak is located at a higher frequency with results in a bigger doppler shift. Together with Eq. (9) will this result in a higher measured droplet velocity. This proves that one can measure and detect the droplet velocity in our spray. The obtained droplet velocity from the HSC and PCS agreed ( Fig. 7 a and b ). These results have been obtained by performing three times the same series of measurements ( Table 3 ). The results of the PCS have the same magnitude and trend as measured with the HSC which also meets the expectations. The droplet velocity increases with increasing shroud pressure. The spread and accuracy of the results are improved with the PCS compared to the HSC. 
Increasing shroud pressure a) Droplet velocity
Droplet diameter
The Turbidimetry measurements were made on the same series of measurements (Table 3) than before. Together with the obtained droplet velocity (Fig. 7a ) and the Turbidimetry measurement the average diameter of the droplets is obtained and displayed in Fig. 8 . Spraying water with the impact nozzle of Sonotek (120 kHz), a droplet size of 18µm is expected according to Lang [13] . This expected diameter agreed with our Turbidimetry measurement. The average diameter in (Fig. 8) . is 17.95 ± 3 µm. The droplet diameter does not look to be influenced by the shroud pressure which is in line with the expectations. 
Increasing the volumetric ink flow rate
Droplet velocity
The same measurements were performed with increasing the flow rate of the ink (Table 4 ) to see the influence in the droplet velocity-diameter. The droplet velocity decreases with increasing the volumetric flow rate what agreed with the PCS and the HSC (Fig. 9a) and (9b) ). The results of the PCS have the same magnitude and trend as measured with the HSC which also meets the expectations. 
Droplet diameter
The Turbidimetry measurements were made on the same series of measurements (Table 4 ) than before. Together with the obtained droplet velocity (Fig. 9a) ) and the Turbidimetry measurement the average diameter of the droplets is obtained and displayed in Fig. 10 . This expected diameter agreed with our Turbidimetry measurement. The droplet diameter does look to be dependent on the volumetric ink flow rate. This is in line with the predictions according to Rajan and Pandit [15] . 
Increasing atomizing power
Droplet velocity
The same measurements were performed with increasing the atomizing power of the nozzle (Table  5 ) to see the influence in the droplet velocity-diameter. The droplet velocity does not look to be influenced by the atomizing power. The results obtained with the PCS agreed with the HSC experiments. The results of the PCS have the same magnitude and trend as measured with the HSC. 
Droplet diameter
The Turbidimetry measurements were made on the same series of measurements (Table 5 ). Together with the obtained droplet velocity and the Turbidimetry measurement the average diameter of the droplets is obtained. This expected diameter of 18 µm according to Lang [13] agreed with our Turbidimetry measurement. The droplet diameter does look to be influenced by the atomizing power.
Conclusion
Droplet diameter-velocity measurements on a ultrasonically generated spray are successfully demonstrated in our newly developed setup which exceeds the expectations. In this study, it is shown that a combination of Photon Correlation Spectroscopy-PCS and Turbidimetry is a valuable solution to measure the droplet characteristics. To the best of our knowledge, measurements on droplets with PCS and Turbidimetry have not been explicitly demonstrated before. Moreover droplet velocities measurements on an ultrasonic generated spray haves never been conducted before.
In the preformed measurements, effects are observed and identified on the droplet diameter-velocity by increasing the shroud pressure, atomizing power and volumetric flow rate of the ink. The velocities measured with PCS are in agreement with the velocities measured with a High Speed Camera. The measured droplet diameter confirms the theoretical predictions. The modified setup was even able to characterize the droplet velocity and diameter more accurate and cost-efficient than using a High Speed Camera. This opens a way to map out the influences of the spray coat parameters on the quality of wetting related to the ink. This study extends the application and possibilities of PCS and Turbidimetry to droplets and the limits of particle size. A combination of PCS and turbidimetry is a powerful tool to characterize the ultrasonic generated droplets.
